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Abstract— Governments are working in new policies to slow 
down total energy consumption and greenhouse gases (GHG) 
emissions, promoting the deployment of electric vehicles (EVs) in 
all countries. In order to facilitate this deployment and help to 
reduce the final costs of their batteries, additional utilization of 
EVs when those are parked has been proposed. EVs can be used 
to minimize the total electricity cost of buildings (named vehicle 
to building applications, V2B). 
In this paper an economic evaluation of EVs in the Building 
Energy Management System is shown. The optimal storage 
capacity and its equivalent number of EVs are determined. This 
value is then used for determining the optimal charging schedule 
to be applied to the batteries. From this schedule, the total 
expected profit is derived for the case of a real hotel in Spain. 
Keywords—electric vehicles; vehicle to building; optimization; 
battery storage 
I. INTRODUCTION 
One of the biggest concerns in all countries is the reduction 
of fossil fuels consumption, reducing their external energy 
dependence and economic vulnerability and contributing to 
decrease C02 and other greenhouse gas (GHG) emissions that 
are warming our planet [1]. 
Global transportation sector is one of the main producers of 
GHG in the world (26.5% in the European Union [2-4] and in 
28% in the US [5]), therefore governments are promoting 
different initiatives to boost the transition from conventional 
internal combustion engine (ICE) vehicles to plug-in hybrid 
electric vehicles (PHEV) or battery electric vehicles (BEV) [6]. 
This transition will allow transportation sustainability, 
environmental benefit, improved social welfare, employment 
creation and economic growth. 
Residential and commercial buildings are responsible for 
40% of total final world's energy consumption [7] and an 
important part of global GHG emissions. The building sector 
offers the largest low-cost potential of GHG emissions 
reduction in all world regions [8]. In this case, governments are 
promoting the deployment of distributed renewable generation 
in buildings and energy efficiency polices [9]. 
Hotels are in the top five of the total energy consumption in 
the tertiary building sector [10]. This energy cost represents 
about 6-7 percent of all hotel operating costs [10-12], therefore 
the application of energy efficiency actions could produce a 
direct profit increase. 
Travel and tourism sector in Spain is one of the main 
contributors to the Spanish GDP, reaching 15% of the total 
GDP contribution and supporting 488,500 directly jobs and 
2,304,500 indirectly jobs [13]. These figures are even bigger in 
the case of the two Spanish archipelagos (Canary Islands and 
Balearic Islands). For example, the impact of this sector to the 
GDP in Canary Islands reaches almost 30%, supporting 
262,823 jobs (34.2% of the total employment) [14]. 
Most of the total energy demand in these archipelagos 
comes from imported fossil fuels, having a negative impact in 
its economy and its environment. These areas are considered as 
an ideal location to introduce electric vehicles because the 
small size of the different islands limits the driving, reducing 
the driver's range anxiety and allowing a cleaner environment. 
Usually, EV-PHEVs are seen as loads attached to buildings 
during the charging periods, increasing the total buildings' 
electric demand. Significant research has been done analysing 
the impact of this charging on the building electric grid or on 
the distribution grid, depending on the charging strategy [15-
18]. 
On the other hand, batteries from EV-PHEVs can be 
combined with the Building Energy Management Systems 
(BEMS), storing energy when the electricity price is low and 
feeding back to the building when the electricity price is high, 
reducing the total building's electric energy cost. 
This combination produces an economic benefit not only 
for the building operators, but also for the car owners, since 
they receive a variable payment for the energy storage capacity 
and exchange with their batteries. 
Similar concepts have been proposed in the literature. In 
[19] an EV was integrated with the energy management system 
of a single house, allowing a reduction of the peak power 
demand from the electric grid and an increase of the load 
factor. 
The integration of PHEVs into a northern California office 
building was presented in [20]. In this case, different business 
models were proposed to share the overall benefit among the 
building owner and the vehicle owners. These authors have 
also proposed to integrate on-site micro generation in the 
building, optimizing the annual building energy costs and the 
CO2 emissions [21]. In [22] additional benefits are obtained, 
providing microgrid’s power supply and offering frequency 
regulation to the system operator. 
The objectives of this paper are firstly to determine optimal 
storage capacity needed to reduce the hotel total electricity cost 
during one year (other optimization criteria could be easily 
implemented), assuming different payments for EV owners. 
The second objective is to evaluate how to distribute this 
capacity among the batteries of several vehicles parked at the 
hotel and arriving with different initial State of Charge (SOC) 
at the time of connection and determine an optimal charging-
discharging schedule for one day. To simplify the problem, it is 
assumed that all EVs belong to the hotel (i.e. a leasing 
agreement) and there are always a minimum number of 
connected EVs all the time. 
The remaining of this paper is organized as follows: in 
Section II the energy management system (EMS) is presented. 
The evaluation of the optimal needed capacity is provided in 
Section III. Section IV shows the schedule of a daily program, 
taking into account the capacity sharing among several EVs. 
Results and conclusion are finally drawn in the last section. 
Fig. 1. 2012 hotel annual hourly global demand 
I I . SYSTEM MODELING 
The building consumption data was extracted from a real 
hotel located in a tourism city in Spain. This building currently 
has multiple sensors that monitor different parameters of its 
energy consumption (voltage, current, active and reactive 
power, power factor, etc.) for different lines. In this work, the 
total electricity aggregated consumption is used as input for the 
model. Fig. 1 presents the annual hourly global demand during 
year 2012. 
The building has an electricity supply contract with the 
utility company composed of three components [23]: a fixed 
active power-depending term (€/kW) representing the capacity 
charge, an energy-depending term (€/kWh) which is a function 
of the energy consumed by the building and the reactive energy 
charge (€/kVArh), depending on the total power factor (PF). 
An automatic P F correction system is used to maintain a 
desired target P F above 0.95 on the low voltage distribution 
system of the hotel facility, therefore there is no penalty for 
reactive power consumption. The energy term in the tariff bill 
is a linear function that multiplies a coefficient depending on 
the period of the day and the amount of energy consumed 
during that period. The prices and periods used in this work are 
presented in Fig. 2. 
Fig. 3 shows the energy flows considered in the model, 
based on [20]. In this figure the charge/discharge decisions 
depend on the instantaneous energy price offered by the 
market, the state of the system and the value of exogenous 
variables such as the actual building energy demand. The 
existence of an entity called E M S (Energy Management 
System) or aggregator is assumed. This entity is an abstraction 
of all the control logic, electrical and data networks, and all the 
needed electrical systems that allows the building to take 
appropriate consumption decisions at all times. Table I 
describes the different variables and parameters (with their 
nominal values) considered in the system. The variables for the 
optimization have their values in blank. 
Fig. 2. Hourly electricity price 
Fig. 3. Energy flow model for BEV storage-EMS 
In each time period, the EMS takes charging or discharging 
decisions according to the system state variables. The system 
could even sell power to the grid in order to provide regulatory 
services as presented in [22], although the modelling of this 
possibility is beyond the scope of this work. The EMS will 
likely storage the energy when prices reach their lowest level 
and sell it when they reach their highest one. 
The presence/absence of EVs parked (and connected) in the 
hotel has been modelled using the block named BCT (a 1 and 0 
vector) that simulates the connection / disconnection of the 
batteries the EMS system. From the perspective of the 
building, the presence of EVs available for electric power 
storage is equivalent to the presence of static battery blocks 
devoted for the same purpose, with the exception that its 
availability is variable in time. 
From the hotel perspective, there are three main costs to be 
minimized: 
• The total energy bought to the grid. 
• The battery acquisition cost. 
The reward paid to the car owners that plug their 
car in the system and allow extra charge and 
discharge cycles for the hotel energy consumption 
optimization. This price may be interpreted as a 
degradation cost in case the cars belong to the 
hotel or compensation if the system were to be 
offered to the clients. 
III. OPTIMAL STORAGE CAPACITY EVALUATION 
Taking a year as the optimization window, the business 
model described would be formalized as follows: 
minzipud(h)PEXsupply{h) 
h
 (1) 
+ {fo(h)-ft(h))PEXEir(h))+(F + V-C) 
Subject to the following restrictions: 
SOCmin < SOC{h) < SOCmax (2) 
0<i(h)<C- DR (3) 
0 < o(h) < C • DR (4) 
SOC{h) = SOC{h-l)+i{h)-o{h)-l{h) (5) 
'vV — *J^"^ yi-J y ^¿ecay (o) 
fo{h) = o{h)-óeff (7) 
i{h) = fi(h)-yeff (8) 
cod(h) = BCT{h)- fi (h) (9) 
pvd(h) = BCT(h)- fo(h) (10) 
pud(h) = DMD(h)+cod(h)-pvd(h) (11) 
SOC(h), pudih), cod(h), pvd(h), fi(h), fo(h), 
i(h),o(h)>0 
TABLE I. OPTIMIZATION MODEL VARIABLES AND PARAMETERS 
Description 
Building Energy Demand 
Energy hourly Price 
Battery capacity 
System Energy Demand 
Available Charge Energy 
Available Discharge Energy 
Charge input 
Discharge input 
Discharge energy 
Charge energy 
Self-discharge energy 
Battery block fixed cost 
Battery block variable cost 
Maximum Discharge Rate 
Minimum Charge Rate 
Charge efficiency rate 
Discharge efficiency rate 
Self-discharge rate 
Symbol 
DMDh 
PEXsupply 
C 
pud 
cod 
pvd 
fi 
fo 
i 
o 
l 
F 
V 
DR 
CR 
Teff 
Oeff 
Oeff 
Value 
[DMDh] 
[PEXh] 
100 
150 
0,1 
0,1 
0,95 
0,95 
1,6·E-05 
Unit 
kWh 
€/kWh 
kWh 
kWh 
kWh 
kWh 
kWh 
kWh 
kWh 
kWh 
kWh 
€ 
€/kWh 
-
-
-
-
-
Minimum allowed SOC 
Maximum allowed SOC 
Initial SOC 
Conn./Discon. Matrix 
SOCmin 
SOCmax 
SOC(0) 
[BCTh] 
20 
95 
20 
{0,1} 
% 
% 
% 
-
Fig. 4. Evolution of total SOC, building demand and real power demand 
extracted from the grid. 
The objective function (1) minimizes the total cost of the 
system. The first term is the price paid to the utility company 
for the energy consumption; the second term, a price relative to 
the usage of the battery (battery usage compensation and/or 
degradation) and the third term, the fixed and variable costs of 
the installation. 
Constraints (2), (3) and (4) set the limit for battery S O C , 
charging and discharging. Constraint (5) describes the S O C 
evolution due to charging, discharging and self-discharging (6). 
Efficiency has to be considered for battery charging and 
discharging (7-8), as well as vehicle’s availability (9-10). 
Building consumption is then considered in constraint (11). 
Finally, the positive definition of variables guaranties that the 
total consumption of the hotel is higher than 0, preventing 
inefficiency economies. 
GAMS®and Cplex Solver optimizer have been used for the 
resolution of the problem. Due to the large number of existing 
equations, an interface was programmed in Matlab® in order to 
write the problem equations and read and analyse the results. 
IV . DAILY PROGRAM AND SHARING CAPACITY 
Once the optimal capacity has been calculated, an hourly 
operation program shall be scheduled for every day. Here, it 
must be considered that there is not a single battery, but a 
number of vehicles in which the calculated capacity is shared. 
The program is based on the optimization of the previous 
problem considering that now each vehicle parks in the 
building with a different S O C and should leave with the same 
amount of energy they entered with. This algorithm can also be 
used if a higher S O C would be required at departure time, since 
the client’s energy consumption is already considered in the 
third term of the formulation. 
formulation (12-22), thus resulting in the following general 
formulation: 
min Y\pud(h)-PEXsupply{h) 
h 
+ H(f°(h,v)-fi(h,v))PEXEV(h)) (12) 
v J 
+ T{F{V)+V(V)-C(V)) 
V 
Subject to the following restrictions: 
SOCmm (v) < SOC(h, v) < SOCmax (v) (13) 
0 < i(h, v) < Ciy) • DR(v) (14) 
0<o(h,v)<C(v)-DR(v) (15) 
SOCih, v) = SOCih - l,v)+i(h, v)-o(h, v) 
(16) 
V ' / \ '/ decay \ ) 
fo(h,v) = o(h,v)-óeff(v) 
i(h,v) = fi(h,v)-yeff(v) 
cod(h, v) = BCT(h, v) • fi{h, v) 
pvd(h,v) = BCT(h,v)- fo(h,v) 
(17) 
(18) 
(19) 
(20) 
(21) 
pud(h) = DMD(h,v)+^ {cod(h, v) - pvd(h, v) (22) 
v 
SOC(h, v), pud{h, v), cod(h, v), pvd(h, v), fi(h, v), 
fo(h, v), i(h, v), o(h, v)>0 
It can be noticed that the charging and discharging of each 
vehicle is treated separately and then grouped in the calculation 
of the total consumption, pud. Also, in the objective function 
the fixed and variable costs associated for each vehicle are 
considered differently as well as the price paid to their owners. 
V. RESULTS 
The optimization algorithm set C*, optimal capacity of the 
battery, for this application to 100 kWh S O C and net energy 
demand of the building behaviours are shown in Fig. 4 
Depending on initial conditions (SOC(0)), S O C behaviour 
during the first day remains different than the rest of the days, 
which show similar charge and discharge pattern regardless of 
electricity demand of the building. Table 2 shows economical 
savings depending on P E X E V : 
In order to deal with a disaggregated battery, it is necessary 
to add a new index v for the vehicles to the mathematical 
TABLE 2. PEXEV and savings. 
0,03 
0,1 
0,11 
C*(kWh) 
100 
100 
100 
Batt. Cost 
15100 
15100 
15100 
Savings (€) 
783,27 
202,08 
199,28 
% 
1,60 
0,41 
0,41 
10 15 
Hour (h) 
Fig. 5. Original demand and resulting demand with five vehicles. 
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Fig. 6. SOC evolution of each of the five parked vehicles. 
It can be seen that the battery costs are too high compared 
with the annual savings. Therefore, it is more convenient to use 
EV’s batteries instead of static ones. 
TABLE 3. Initial SOC and savings. 
INITIAL SOC 
20 
30 
40 
50 
60 
SAVINGS (%) 
0.3921 
0.4011 
0.4011 
0.3810 
0.3756 
2 
1 
0 5 10 15 20 25 
Hour (h) 
Fig. 7. Equivalent vehicle demand and resulting demand. 
Next, the daily operation schedule is analysed. Considering 
that the optimum capacity is 100 kWh, this amount can be 
divided into five vehicles with 20 kWh capacity each. Fig. 5 
shows the variation in demand due to the vehicles’ charging 
schedule for day 05/09. 
Table 3 shows the initial SOCs considered for each vehicle 
and the savings obtained for each of them in percentage of the 
previous demand’s cost. As it can be seen in Fig. 6, depending 
on the initial SOC a different charge-discharge cycle is applied. 
Starting with an initial SOC of 30% and 40%, a full cycle can 
be applied: charging to the maximum level (95%), discharging 
to the minimum (20%) and returning to the original SOC. In 
consequence, the maximum savings can be obtained. 
In the case of starting with an initial SOC of 20%, the 
maximum SOC level cannot be reached in the charge semi-
cycle due to the power limitation in the charging point (with a 
nominal power of 2 kW, it is not possible to charge as fast as is 
needed), thus reducing the savings. Similarly, with a higher 
initial SOC (50%, 60%), it is not possible to fully discharge the 
battery. If those limits were to increase, the initial SOC would 
not need to be considered. Moreover, the savings would 
increase, since it can be seen that it is a common strategy to 
partially discharge the battery in the mid-price period instead of 
the high-price period. 
It is also important to highlight that due to the dependency 
of the battery self-discharging with the SOC, charge is 
scheduled as late as possible within the low-price period and 
the discharge occurs as soon as possible. 
The results between using five vehicles at the same SOC 
level (40%) and one equivalent vehicle with a battery five 
times higher than the individual ones are compared to verify 
the previous results. In Fig. 7 and 8 the resulting demand and 
SOC evolution of the vehicle can be observed, which is equal 
to the evolution of the vehicle with initial SOC of 40% from 
Fig. 6. The total savings is thus equal to the one that would be 
obtained with five of the smaller vehicles and higher than the 
previous selection of vehicles, even though they had the same 
averaged SOC. 
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Fig. 8. Equivalent vehicle demand and resulting demand. 
Fig. 9. “Magic Box” pilot plant and charging point installed at UPM. 
V I . CONCLUSIONS AND FUTURE WORK 
Considering the daily schedule, it seems to be necessary to 
establish the vehicle’s owner payment according to the initial 
S O C of the vehicle. Besides, it has been observed that, when 
using an equivalent vehicle with an average initial S O C , the 
final benefit may differ due to this dependency. 
In the case of requiring a higher final S O C than the initial 
would be needed at the end of the schedule, this would 
decrease the margin of benefits, since the deep of discharge 
would be lower. Also, the price of energy sold should be 
reconsidered. This system is being implemented in this 
moment in a real pilot household at E.T.S.I .T. U P M (see Fig. 
9). 
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